Objectives.-We examined the cross-sectional association of sleep apnea and indices of sleep quality with both episodic migraine (EM) and chronic migraine (CM).
INTRODUCTION
Migraine is a common, potentially disabling disease, 1 with an estimated United States and global prevalence of 11.7 2 and 14.7%, 1 respectively. Migraine ranks second on the Global Burden of Disease Study list of causes of disability in 2016. 3 Diagnostic criteria divide migraine primarily based on the number of headache days per month into episodic migraine (EM; <15 headache days/month) and chronic migraine (CM; ≥15 headache days/month for >3 months, with migraine features on ≥8 days/month). 4 Both forms of migraine can present with medical, neurologic, and psychiatric comorbidities that may exacerbate the disease, complicate treatment, and reduce health-related quality of life. Sleep disorders are often discussed 5, 6 but less commonly studied comorbidities of migraine and incorporate a wide range of conditions, including but not limited to sleep apnea, insomnia, circadian rhythm (ie, sleep-wake) disorders, and sleep movement disorders. Symptoms of these disorders, such as insufficient sleep, disturbed sleep, oversleeping and inconsistent sleep cycles (eg, shiftwork, lifestyle), are often reported as triggers for a migraine attack, but more research is needed to fully understand them as comorbidities of migraine. [6] [7] [8] Evidence and clinical experience suggest that poor sleep quality could be a risk factor for migraine progression. 9 Descriptive studies have demonstrated that sleep disturbances are prevalent in people with migraine, with approximately one-half reporting occasional sleep disturbances and one-third reporting frequent sleep disturbances. 7 A recent meta-analysis of 40 self-reported headache triggers found that sleep was second only to stress in reported frequency. 10 Short sleep duration was associated with the severity of migraine attack based on a prospective time-series analysis.
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The relationship between sleep and migraine is complex in part because there are a number of distinct sleep disorders, including respiratory and non-respiratory conditions. Causality and directionality are unclear. Migraine may disrupt sleep, sleep disorders may lower pain threshold and exacerbate migraine, or they may be linked by exacerbating factors, such as stress or caffeine consumption/overconsumption, or underlying factors such as obesity, as a manifestation of metabolic syndrome. Sleep is essential in the regulation of a wide range of homeostatic functions, including the newly discovered glymphatic system, which functions as a CNS waste clearing system and aids in the clearance of abnormal proteins like beta-amyloid. Because glymphatic activity is primarily a sleep-related activity, dysregulation of sleep processes may lead to accumulation of CNS waste with nociceptive properties, which may explain how sleep triggers migraine, relieves migraine, and contributes to migraine chronification. 12 Several prospective longitudinal studies have shown that poor sleep quality, including sleep disturbances, may predict the onset or exacerbation of migraine. [13] [14] [15] [16] Interestingly, at least one report found that migraine and non-migraine headache were risk factors for later development of insomnia. 16 Bidirectional influences are likely though additional exploration is necessary. One common sleep disorder is sleep apnea. There are 2 types of sleep apnea: obstructive and central.
Obstructive sleep apnea is caused by a blockage of the airway whereas in central sleep apnea the brain fails to signal the respiratory muscles. Prevalence of obstructive sleep apnea in general population studies ranged from 9 to 38%, and varied by gender, age, and body mass index (BMI), with prevalence rates as high as 90% reported in elderly men. 17 Epidemiologic research reviewed elsewhere has associated snoring (as a marker for obstructive sleep apnea) with more frequent and severe migraine, 18 and this evidence may be strengthened through improved methods using medical history and validated instruments along with symptoms to investigate sleep and obstructive sleep apnea. In this cross-sectional analysis of data from the Chronic Migraine Epidemiology and Outcomes (CaMEO) Study, 19 we assessed sleep apnea and poor sleep quality as comorbidities of migraine in a large sample of people with migraine, stratified by EM and CM and by BMI. We hypothesized that sleep apnea and poor sleep quality would be more common among people with migraine than the general population and that the rates of sleep apnea and poor sleep quality would increase with older age and higher BMI, among men, in those with migraine, and among those with CM.
METHODS

Study
Design.-The CaMEO Study has a longitudinal design that incorporates webbased cross-sectional surveys to assess migraine symptoms and severity, headache-day frequency, headache-related disability, consulting and health care utilization, medication use, comorbid health conditions, and family-related burden associated with headache, among other data. Complete details regarding the CaMEO Study have been previously published. 19 The study was approved by the Statistical Analysis.-Risk of sleep apnea from the Berlin Questionnaire and indicators of sleep quality from the MOS Sleep Measures were contrasted in persons with CM vs EM, by BMI category, and by demographics. The chi-square test was used to identify statistically significant differences for dichotomous or categorical variables between respondents with EM and CM and between men and women and assess risks by age and BMI. Independent-group t tests were used to evaluate significant differences for continuous variables. P values <.05 were considered statistically significant. Whereas no formal correction was employed for the large number of comparisons in this analysis, a Bonferroni correction (α/n, assuming 50 comparisons: 0.05/50 = 0.001) is consistent with our findings. All analyses were conducted with IBM SPSS Statistics, version 20.0 (IBM, Armonk, NY, USA).
RESULTS
Demographics and Baseline Characteristics.-Of the 12,810 respondents with valid data, most were women (n = 9590; 74.9%) and white (n = 10,810; 84.4%) and had a mean (SD) age of 41.3 (14.5) years (Table 1 BMI = body mass index; CM = chronic migraine; EM = episodic migraine.
Full-time, part-time, or self-employed. Rates of being at "high-risk" for sleep apnea were higher in men than in women (1431/3220 [44.4%] vs 3308/9590 [34.5%]; P < .001; Table 3 ), and in the obese and in the older age group (P < .001 for both; Table 3 ). Notably, a dose-response relationship was observed for weight and sleep apnea risk (Table 3) Table 4 ).
DISCUSSION
We used data from the CaMEO Study to explore the relationship of migraine (EM and CM) with both sleep apnea, and measures of sleep quality. These results are important to HCPs managing people with migraine, as our results are the first to report the risk and rate of sleep apnea and measures of sleep quality, assessed using validated instruments, in a large sample representative of the US population, stratified by demographics as well as EM and CM. We will first discuss the findings for sleep apnea and then (Table 3) . The rates of "high risk" of sleep apnea in the EM group were similar to estimates from the US general population (35.8%). 29 In both CM and EM the rates of "high risk"
of sleep apnea varied considerably based on BMI, age and gender; HCPs should consider all of these factors when considering the risk profile of their individual patients. Being at "high risk" for sleep apnea was associated with higher BMI category, older age, and male gender in those with migraine in our study, as was typically also found in general population studies. 29 The association with obesity may be expected as a BMI >30 kg/m 2 contributes 1 of the 2 categories required for an individual to be considered at "high risk" for sleep apnea. 24 Of respondents who were "high risk" for sleep apnea, 84% were overweight or obese as measured by BMI. As expected, older men with CM and high BMI had a very high risk for sleep apnea in these analyses. The risk and rate of obstructive sleep apnea in people with migraine, particularly in those with CM, have not been studied in detail. Much early research evaluating headache in relation to sleep apnea lacked diagnostic precision; rather than diagnosing migraine, tension-type, or other formal headache diagnoses, the headache was often described by its relationship to sleep (eg, morning, awakening, or chronic daily headache). 30, 31 Previous evidence suggests that breathing-related sleep disorders, such as obstructive sleep apnea and/or sleep pattern disorders, negatively influence headache severity (intensity) in people with chronic headache 11 and that there is a positive relationship with migraine incidence 32 and with onset of CM. 33 Compelling evidence exists to support a relationship between sleep disorders and headache, including a strong association between sleep apnea and headache. 34, 35 Despite the relationship between obstructive sleep apnea and headache intensity, 11 only approximately one-third of respondents with self-reported sleep apnea had used a CPAP device in the 90 days before assessment. The acceptance of and adherence to CPAP treatment is problematic; 36 for example, the treatment has the potential to interfere in intimate relationships between couples. 37 As such, low overall adherence rates to CPAP treatment similar to those observed in our study have been reported, [36] [37] [38] leading to the suggestion that cognitive behavioral training and peer group support be implemented alongside CPAP treatment to improve adherence. 37 In addition to future research exploring mechanisms to improve adherence to CPAP, the benefit of CPAP in people with CM and EM is also worthy of further investigation, and, in particular, the role of CPAP in preventing new onset CM in people with EM and obstructive sleep apnea.
Our findings from this sample of people with migraine, demonstrating "high risk" for sleep apnea in CM, is consistent with evidence that sleep apnea influences headache severity (intensity). However, some literature has been contradictory. Some studies have found no relationship or have concluded that the trends fail to reach statistical significance, but the contradiction in findings may be related to design or lack of distinction between EM and CM. 39, 40 A recent Norwegian population-based survey identified individuals at high vs low risk for obstructive sleep apnea and brought participants to the hospital for clinical evaluation and polysomnography; results found no difference between those with and without sleep apnea in the number of individuals with migraine, with or without aura, although they did find an increased risk of daytime sleepiness. 41 Notably, Stark and Stark 42 raised the issue that methods used in the Norwegian study that looked at headache in the population with and without sleep apnea did not address the frequency or severity of migraine, and thus could not rule out the possibility that sleep apnea may aggravate headache occurring in a person with migraine. 42 Differences in sampling, diagnostic groups of interest, and methods may account for some of the contradictory findings in earlier research. Poor sleep quality is reported in 16% of a US general population sample (mean age, 46 years). 28 Our results suggest that sleep quality, as assessed by the MOS Sleep Measures, was generally poorer in people with migraine than in a sample representative of the US general population. 28 Scores were higher (ie, worse) in this analysis in respondents with migraine than those reported for the general US population for sleep disturbance (39.2 vs 24.5), snoring (31.6 vs 28.3), shortness of breath (17.0 vs 9.5), and daytime somnolence (33.2 vs 21.9); sleep adequacy was lower (38.7 vs 60.5), meaning that people with migraine were more likely to have inadequate sleep. Furthermore, sleep quality was typically poorer among respondents with CM than those with EM. Although all differences may not have reached the threshold for clinical significance, respondents with CM were more likely to report snoring, shortness of breath during sleep, daytime somnolence and sleep inadequacy (all P < .001) than those with EM. Consequently, respondents with EM were more likely to report having slept optimal hours than those with CM. Indeed, average hours slept per night for respondents with EM (6.8) were the same as reported in the general population (6.8) 28 and statistically more than reported by respondents with CM (6.6; P < .001). Overall, our findings related to poorer sleep quality in people with migraine were consistent with previous migraine studies. 18, [43] [44] [45] [46] [47] [48] [49] An analysis of 2695 participants in the Korean Headache-Sleep Study demonstrated that people with migraine had increased odds of insufficient sleep after adjusting for sociodemographics, psychiatric comorbidities, and other variables. 45 Similarly, a study of 143 people with migraine found that headache frequency was 2-fold higher among participants with short sleep duration and poor sleep quality than among those without. However, headache intensity among people with migraine with short sleep duration and poor sleep quality was not significantly different from those without these sleep disorders. 46 Most recently, it has been demonstrated that poor sleep quality may mediate sensitivity to lack of sleep as a headache trigger in people with headache, including migraine headache. 49 Although poor sleep quality, as measured by the Pittsburgh Sleep Quality Index, in those with migraine is a common finding, 45, [47] [48] [49] not all studies have found increased daytime somnolence. 47 Others, however, have reported excessive daytime sleepiness to be 3-fold more likely in those with migraine 44 and 4-fold more likely in those with CM 50 than in those without headache. 47 Sleep disturbances were 5-fold more likely in those with migraine; the likelihood of sleep disturbance increased as headache frequency increased, 44 with some investigators reporting that this effect reaches a plateau when migraine headaches are ≥9 days per month. 43 Although the relationship between migraine and poor sleep is well established, further research with objective sleep data is needed to fully understand the relationship between sleep disturbance and migraine. Discrepancies in earlier literature may stem at least in part from the limits of subjective (self-report) measures. There is a well-documented but poorly understood discrepancy between subjective and objective sleep that is unique to insomnia compared to normal sleepers and those with sleep disorders like sleep apnea. 51 Across studies, people with insomnia, with or without a wide range of medical and psychiatric conditions, overestimate the time taken to fall asleep and underestimate total sleep time relative to objective sleep estimates as provided by polysomnography and actigraphy, and become more inaccurate in retrospective reports relative to daily diary reports. 52 Objective sleep data such as polysomnography are often not feasible for research due to cost and reactivity to test conditions or "first night effect." Actigraphy was utilized recently in an outcome study of Cognitive behavioral therapy for insomnia (CBTi) in migraine. 53 Wearable accelerometers are inexpensive and increasingly widely available, and can represent sleep/wake cycles in normal sleepers with an accuracy that approximates actigraphy; however, they lack accuracy in determining sleep/wake cycles in clinical populations and correlate poorly with sleep stages documented in polysomnography. 54 Thus, the current standard of care in diagnosis of insomnia in the clinical setting is prospective sleep diaries and validated questionnaires. 55 Given the likely bidirectional relationship between sleep and pain, particularly migraine and sleep apnea and poor sleep quality, a validated questionnaire approach, the MOS Sleep Measures, was used to measure sleep quality and sleep disturbances. Further use of validated measures in studies in people with migraine would be helpful. In addition, the presence of sleep apnea and poor sleep quality should be considered when treating migraine. 56 There have been reports that treatment of sleep disorders improved or resolved headache. For example, a retrospective analysis of patients with sleep apnea headache who were adherent to CPAP showed headache improvement compared with those who were untreated or nonadherent to CPAP; all 33 treated patients reported improvement in either headache or sleep. 57 CBTi is the recommended preferred treatment for insomnia; 58 a meta-analysis of 87 randomized controlled trials found CBTi to be useful in patients with and without comorbid disease. 59 Specifically in CM, a small pilot study, not included in the meta-analysis, showed that in women, behavioral sleep modification resulted in reduced headache frequency and reversion to EM. 60 Similarly, in individuals with CM, behavioral treatment of comorbid insomnia yielded reductions in headache frequency. 53 These findings are interesting, albeit limited in number and scope, and underscore a need for additional, larger studies for confirmation. The CaMEO study has some limitations that must be considered when interpreting the data. As previously reported, there are limitations with data collected via self-report from a web-based panel, including issues such as nonresponse bias, which have been discussed in detail elsewhere. 19 Despite these potential limitations, the baseline demographics of the CaMEO population were similar to that of the AMPP Study population, a population that is representative of the US population. 61 As such, it has been suggested that the results of the CaMEO Study could also be generalizable to the US population with migraine. 61 For this study, it should be noted that for a population as large as the CaMEO study population small differences in outcomes between subgroups can be observed to be statistically significant. Although no formal correction was used for the multiple comparisons in this study, the P values associated with most of the comparisons reported here are sufficiently low as to be significant had such corrections been employed. It is important to note that statistical significance can be achieved without necessarily reaching a threshold to be clinically meaningful. As such, the likely clinical consequence of any differences reported herein should be considered carefully. Furthermore, the sensitivity and specificity of the Berlin Questionnaire has not been established specifically within a migraine population, and our estimates of the rates of sleep apnea risk may, as a result, be inflated. Obesity is an important risk factor for sleep apnea and a variable in the Berlin Questionnaire algorithm. 24 Obesity is also a recognized risk factor for migraine disease progression to CM, 62 and thus would be expected to be higher in subpopulations with headache than among the general population. Obesity rates were, indeed, high in our sample, especially among people with CM. This may lead to an overestimation of "high risk" of sleep apnea in our sample that may not be observed in CM in other regions. In addition, other variables assessed by the Berlin Questionnaire, such as daytime fatigue, are known to be associated with migraine. 63 For example, daytime fatigue may be a prodromal or postdromal symptom of migraine and may not be directly due to the effects of sleep apnea. Secondly, all data are self-reported and retrospective and have not been verified by other sources, such as physician diagnoses or medical records. Consequently, the data are subject to recall and reporting error. Validated instruments were used when available, including for the primary outcome variables and for diagnosis and categorization of migraine. In addition, we were unable to determine the type of sleep apnea (obstructive vs central) based on the questionnaires and items included in the study; therefore, we were unable to adjust for any underlying relationship between obstructive sleep apnea and obesity or any other variable. The likelihood of central sleep apnea in this population is low, and central sleep apnea has not been particularly associated with migraine, except perhaps in the uncommon case of Arnold-Chiari malformation. Sleep studies that provide objective measures of respiration should be conducted to confirm these results. In this cross-sectional, observational analysis it is impossible to determine causality or directionality. In the case of sleep apnea and migraine, there may be a bidirectional relationship, with each triggering or exacerbating the other, or they may share a common underlying mechanism.
CONCLUSIONS
General prevalence estimates of sleep apnea are wide, ranging from 9 to 38% 17 ; typically rates are higher in men than in women and increase with age and BMI. 17, 64 Results from the CaMEO Study suggest that persons with CM have a "high risk" of sleep apnea and high rates of poor sleep quality. The increased risk of sleep apnea and breathing-related sleep problems was particularly high among men vs women and those with CM, higher BMI, and older age. Women reported higher rates of sleep disturbance, although reports of sleep disturbance were high across both genders. These data follow the patterns and prevalence rates seen in large epidemiologic studies that reported rates by those variables, but appear to be higher than many population estimates, especially among people with CM. Future analyses may include sleep studies with the goal of confirming the present findings, having participants with a clinician-determined sleep apnea diagnosis use wearable devices to precisely and prospectively collect respiratory and sleep-related data, and studies aimed at determining whether treatment of sleep apnea and sleep disorders reduces the frequency or intensity of migraine attacks and associated symptoms. Clinical wisdom suggests that assessing sleep quality and screening for sleep apnea is valuable, especially among men and people with CM, older age, and higher BMI. All people with migraine, particularly those with sleep disturbances such as insomnia, could benefit from being educated about behavioral sleep regulation and its likely value in the management of migraine. People with migraine who screen positive for sleep apnea should be referred for additional evaluation and possible CPAP treatment, including supportive education to ensure adequate adherence to CPAP treatment. 
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